Objective: Computational hemodynamic studies of aortic dissections usually combine patient-specific geometries with idealized or generic boundary conditions. In this study, we present a comprehensive methodology for the simulation of hemodynamics in type B aortic dissection (TBAD), based on fully patient-specific boundary conditions. Methods: Pre-operative four-dimensional (4-D) flow magnetic resonance imaging (MRI) and Doppler-wire pressure measurements (pre-and post-operative) were acquired from a TBAD patient. These data were used to derive boundary conditions for computational modeling of flow before and after thoracic endovascular repair (TEVAR). Validations of the computational results were performed by comparing predicted flow patterns with pre-TEVAR 4-D flow MRI, as well as pressures with in vivo measurements. 11 mmHg (−9.7%) . Furthermore, our model correctly predicted the reduction of true lumen pressure from 74/115 mmHg pre-TEVAR to 64/107 mmHg post-TEVAR (diastolic/systolic pressures at entry tear level), compared to the corresponding measurements of 72/118 mmHg and 64/114 mmHg. This demonstrates that pre-TEVAR 4D flow MRI can be used to tune boundary conditions for post-TEVAR hemodynamic analyses.
I. INTRODUCTION
T YPE B AORTIC dissection (TBAD) is a life-threatening clinical emergency initiated by a tear in the inner layer of the aortic wall, causing the wall layers to split and blood to enter a second channel known as the "false lumen" (FL). TBAD compromises blood supplies to organs in the abdomen and can lead to complications such as aortic aneurysm, rupture or malperfusion syndromes [1] . Depending on the clinical symptoms and conditions of the patient, medical treatment, surgery, or thoracic endovascular repair (TEVAR) can be adopted for patients with TBAD [2] .
The evaluation of hemodynamic parameters and analyses of morphological features and biomechanical properties of blood vessels play an important role in understanding the pathogenesis of vascular diseases. In the last decade, computational fluid dynamics (CFD) has been applied to patient-specific geometries reconstructed from computed tomography (CT) images to examine the relationship between morphological features and fluid mechanics in TBAD [3] - [9] . Magnetic resonance imaging (MRI) has also been used either alone or in conjunction with CT images to provide additional patient-specific data [6] , [10] . Disturbed flow and flow stagnation have been identified as common features in the FL. The aberrant flow patterns result in large spatial variations in wall shear stress (WSS), with high values near the tears and low shear stress in the proximal section of the FL [11] . Computational models have also been developed to predict FL thrombosis and the effectiveness of endovascular and surgical treatments [12] - [15] .
WSS is a key driver of aortic remodeling [16] , which can strongly influence the formation and advancement of aortic dissections. High WSS has been associated with tear initiation [8] and the occurrence of retrograde type A aortic dissection [17] , whilst low WSS is a key factor in FL thrombosis [14] , [15] , [17] . On the other hand, pressure is an important predictor of disease outcomes [18] , as a high pressure imbalance between true and false lumen could cause true lumen collapse or aortic wall rupture.
Most computational models made varying degrees of geometric simplification by ignoring all or some visceral arteries in the abdomen, such as the celiac artery [9] , [19] , superior mesenteric artery and renal arteries [4] , [5] , [15] , which could have a strong influence on flow in the FL and the predicted WSS. Another limitation is associated with the simplified inlet and outlet boundary conditions (BCs), due to the lack of patient-specific flow and pressure measurements. For the inlet, these generally involve mapping a typical flow waveform onto flat [4] , [7] , [9] or parabolic [6] profiles. Previous studies [20] , [21] have shown that idealized velocity profiles are not suitable for studies focusing on the ascending aorta and aortic arch, but the descending aorta is less sensitive to the inlet velocity profile.
As time-varying pressure and flow waveforms measured at all outlets are rarely available, simplified outlet BCs such as constant pressure, fixed flow split, or representative pressure waveforms have been adopted [7] , [8] , [11] . These BCs have recently been replaced by physiologically more realistic 3-element Windkessel models (3-EWM) [3] , [4] , [9] , [22] which account for the behavior of the distal vascular bed at each outlet. Since Windkessel models do not directly impose flow rate at the specified boundary, they are particularly suited for use with phasecontrast MRI (PC-MRI) data when the conservation of mass is not satisfied due to either wall compliance or image noise [23] . However, parameter estimation for 3-EWM remains an issue, owing to the lack of complete patient-specific pressure and flow data. This has been addressed in several recent papers [9] , [19] , [22] , [23] , particularly Romarowski et al. [23] proposed a new least-square approach to calibrate the 3-EWM parameters for hemodynamic studies of the aorta.
With regards to aortic dissection models, calibration of Windkessel parameters for multiple visceral branch outlets in a TBAD using patient-specific flow and pressure data has not been reported in the literature. In addition, validation of computational results against in vivo measurements is lacking. Dillon-Murphy et al. [6] compared computed and PC-MRI flows in the descending aorta of a TBAD patient, but no patient-specific pressure information was available to calibrate the Windkessel parameters, or to further validate the model results.
The aim of this study is to present a comprehensive methodology for patient-specific flow analysis in TBAD, using a complete set of patient-specific boundary conditions derived from 4D flow MRI data and Doppler-wire pressure measurements. The model geometry included multiple visceral branches in the abdomen, and 3-EWM parameters were derived for each model outlet. The predicted flow patterns were validated against pre-TEVAR 4D flow MRI, while predicted pre-and post-TEVAR pressures were compared with the corresponding pressure measurements.
II. METHODOLOGY

A. Data Acquisition and Geometry Reconstruction
Available data are summarized in Table I . CT and 4D flow MR scans were performed before TEVAR procedure on a TBAD patient (59-year old, female). Velocity encoding parameters (VENC) were set to 150 cm/s. Retrospective cardiac gating was employed in order to obtain 15 time points per average cardiac cycle, and no aliasing was observed.
The patient presented aneurysmal dilatation in the thoracic false lumen and was treated with a 32-200 mm Medtronic Valiant Captivia device (Medtronic, Minneapolis) in chronic phase. The left subclavian artery (LSA) was covered by the stent-graft. A follow-up CT scan was performed 3 months after TEVAR. Thrombus formation in the FL was observed, extending up to the celiac trunk [24] . Doppler-wire pressure measurements were taken during the TEVAR procedure, before and after stent deployment, using the ComboMap system (Volcano Corporation). After a complete angiography to assess the dissection, the wire was advanced into the target region, including the first entry tear (FET), true lumen (TL), FL, and the re-entry tear (RET). Signal filters, sensitivity settings and wire position were carefully adjusted to ensure a stable, high-quality signal. Systolic and diastolic pressures were measured at the level of FET and other locations marked in Fig. 1a . This study was approved by the Ethics Committee of Zhongshan Hospital, Fudan University, Shanghai, China (Ethics approval number Y2017-056).
CT images acquired before TEVAR (voxel size 0.789 × 0.789 × 1 mm) and at 3-month follow-up after TEVAR (voxel size 0.72 × 0.72 × 1 mm) were used to reconstruct the pre-and post-TEVAR geometries (Fig. 1 ). The reconstructed geometries were discretized into unstructured meshes comprising approximately 6 million elements for the pre-TEVAR model and 4 million elements for the post-TEVAR model, with a tetrahedral core and 10 prismatic layers near the walls. Local mesh refinement was made around the tears, small branches and model inlet. Mesh sensitivity tests were performed, and the differences in mean and maximum WSS between the chosen mesh and a finer one were less than 1.5% and 3%, respectively. The size of the final adopted mesh was consistent with similar studies of TBAD in the literature [10] , [23] .
B. MR Image Processing and Inlet Boundary Condition
The pre-TEVAR 4D flow MRI data (voxel size 1.875 × 1.875 × 2.5 mm) were used to obtained patient-specific inlet BCs. The workflow scheme for extraction and prescription of patient-specific inlet velocity profiles is presented in Fig. 2 . Briefly, the images were pre-processed using MATLAB to generate a series of files which could be read into Ansys EnSight, where the inlet cross-section was defined by positioning a cutplane normal to the aortic wall in the ascending aorta. The normal velocity components were then extracted and further processed using our in-house MATLAB tool [21] which included image segmentation and centering; the latter was needed to compensate for in-plane movements of the aorta during the cardiac cycle. Velocity values were then interpolated in time, and mapped onto the 3D global coordinates of the model inlet. In this last step, a coordinate transfer matrix was calculated using four corresponding reference points between the segmented at all the model outlets. Velocities at 5 planes (marked in red in the pre-TEVAR geometry) were extracted from the pre-TEVAR 4D flow MRI data to obtain the mean flow distribution at each outlet where its percentage flow is given. FET stands for the first entry tear while RET for re-entry tear. Fig. 2 . Workflow scheme representing the task pipeline followed to process the 4D flow MRI data in order to extract the through-plane velocity profiles which were prescribed as the inlet boundary conditions. lumen and the 3D global coordinates of the computational model inlet, enabling a correspondence to be established between each point in the velocity map and a point at the CFD model inlet. Finally, spatial interpolations were performed to prescribe the normal velocities at the mesh nodes. The same velocity profiles ( Fig. 1c ) were adopted as the inlet boundary condition for both pre-and post-TEVAR simulations.
C. Outlet Boundary Conditions
Nine outlets were included in the pre-operative model ( Fig. 1b) , located at the exits of: the brachiocephalic trunk (BC), left common carotid artery (LCCA), LSA, celiac (CA) and superior mesenteric (SM) arteries, both left and right renal (RA) and iliac arteries (IA). A 3-EWM was built for each model outlet, with its parameters being tuned using pre-TEVAR pressure measurements and flow distribution extracted from the 4D flow MRI data. First, five transverse planes (marked in red in Fig. 1b ) were defined and the average flow rate through each plane was calculated from MR measurements. Second, the total flow exiting through the arch branches was calculated as the difference in average flow rate between the first and second planes, while the flow split was determined based on their cross-sectional areas [22] , [25] . Third, the average flow through each of the abdominal branches was determined in a similar manner. Finally, the central resistance (R c ), peripheral resistance (R p ), and compliance (C) of each outlet were calculated as described in [22] and in the supplementary materials. The mean percentage flow leaving the aorta through each outlet is included in Fig. 1 for both pre-and post-TEVAR models.
The post-operative model ( Fig. 1d ) contained eight outlets, as the LSA was covered by the stent-graft during TEVAR procedure. In order to accommodate this change in blood perfusion post-TEVAR, the Windkessel parameters imposed at the LCCA were calculated as the parallel of the 3-EWM of LCCA and LSA, with the flow being the sum of the pre-TEVAR LCCA and LSA flows. For the other outlets, the Windkessel parameters were kept the same as for the pre-TEVAR model. Resistance and compliance values are reported in Table II . 
D. Numerical Simulations and Result Analysis
The described BCs were implemented in Ansys CFX via userdefined profile data, CFX Expression Language (CEL) functions, and FORTRAN subroutines. Blood was modelled as an incompressible Newtonian fluid, with viscosity of 4·10 −3 Pa·s −1 and density of 1060 m 3 ·s −1 [26] . A high-order advection scheme was adopted for spatial discretization of the Navier-Stokes equations and a second-order implicit backward Euler scheme was chosen for temporal discretization, with a fixed time-step of 10 −3 s. The maximum RMS residual was set to 10 −5 as a convergence criterion. Each cardiac cycle had a period of 0.7 s, which was derived from the patient's heart rate. Simulations were carried out for five cardiac cycles in order to obtain periodicity, and results from the last cycle were used for further analyses. Particularly, solutions to velocities can become periodic after three cardiac cycles, but convergence in pressure field requires more cycles to reach a periodic regime [23] . The patient-specific diastolic pressure was used as an initial condition. Simulations were stopped when differences in pulse-pressure and pressure maxima between two consecutive heartbeats were less than 3% and 1%, respectively, at each model outlet.
III. RESULTS
A. Comparison of CFD Results and In Vivo Measurements
Flow patterns. Fig. 3 shows comparisons of instantaneous streamlines between 4D flow MRI (top row) and CFD simulation results (bottom) at four systolic time-points (t1-t4). A good qualitative agreement can be observed, especially at the level of the first entry tear, and in the true lumen along the descending aorta, where flow streamlines are well organized and velocities are relatively high. However, flow streamlines in the FL cannot be clearly visualized in the 4D flow data as velocities are very low. Quantitative comparisons reveal that the maximum velocity at the FET level is lower in the CFD prediction (0.7 m/s) than the 4D MRI measurement (1.1 m/s).
Pressure distribution. Systolic and diastolic pressures were extracted from CFD results at the same levels of the in vivo pressures measurements (defined in Fig. 1a ). Quantitative comparisons between predicted and measured pressures along the dissected aorta (Table III) suggest that while the agreement is generally good, predicted pressures are slight lower especially in the TL, with the largest difference in peak systolic pressure being 11 mmHg (−9.7%) found at T11-12 level in the post-TEVAR geometry. CFD results show a reduction in pressure after TEVAR, which is consistent with the in vivo measurement.
B. Comparison of Pre-and Post-TEVAR Hemodynamics
Flow Patterns. Comparisons of CFD predicted peak-systole instantaneous velocity streamlines between the pre-and post-TEVAR cases are shown in Fig. 4 . Before TEVAR, the subject presented a large FL starting with a FET just after the LSA. The dissection extended to the iliac bifurcation and involved the right iliac artery, with a re-entry tear located between the two renal arteries. Flow in the pre-TEVAR thoracic FL is characterized by stagnation and recirculation, especially at the top of the FL where a large persistent recirculation region is present, which could promote thrombus formation. High velocities develop near the FET with a flow jet entering the FL through the FET and hitting the wall. In the TL between levels T11-12 and T12-L1, high velocities are observed due to a local narrowing caused by the enlarged FL. High velocities can also be seen at the L2 level where flow crosses the RET to enter the TL. Flow in the post-TEVAR aorta is well organized with accelerated flow distal to the stent-graft due to tapering and narrowing of lumen area. Quantitative analysis of flow crossing the tears shows that on average 56% of the aortic flow crosses the FET to enter the thoracic FL pre-TEVAR. Of this, 26% re-enters the TL through the RET, which is located between the two renal arteries. After
TABLE III PRESSURE COMPARISON
Comparison between pressure values measured in vivo and obtained by CFD simulations. In vivo measurements were obtained using a Doppler-wire device (DW). FET = first entry tear, TL = true lumen, FL = false lumen. T8-9, T11-12, T12-L1, L2 and L3-4 are the levels of the spine where in vivo measurements were taken (T = thoracic, L = lumbar), as shown in Figure 1 . Pressure values are reported in mmHg as min/max. TEVAR, on average 40% of the aortic flow crosses the RET to enter the FL, of which 90% is diverted to the right renal artery whilst only 10% enters the abdominal FL.
Wall Shear Stress. Distributions of wall shear stress averaged over a full cardiac cycle (TAWSS) are shown in Fig. 5 . In the pre-TEVAR aorta, TAWSS values are higher in the TL than in the FL; the latter features very low TAWSS, except for the region directly opposite the FET where shear stress is elevated by impingement of the jet through the tear. Similarly, high TAWSS can be observed at the root of the left renal artery in the TL, caused by the flow jet re-entering the TL, and post-TEVAR at the root of the right renal artery (Fig. 4 ). In addition, the segment of TL between T11-12 and T12-L1 also experiences elevated shear stress due to local compression by the FL.
Pressure. Pressure distributions at three different time points are shown in Fig. 6 . In the pre-TEVAR aorta, FL and TL pressures are comparable in the aortic arch but start to differ from T11-12, with FL pressure being generally higher than in the TL. After TEVAR the thoracic FL is completely thrombosed with only a small percentage of flow entering the abdominal FL. Hence, TL pressure is higher than in the FL at mid-systolic acceleration and deceleration, while almost equal pressures are found at peak systole when more blood enters the abdominal FL. Overall, there is a reduction in pressure after TEVAR.
IV. DISCUSSION
Aortic dissection can cause serious complications, such as aortic aneurysm and rupture (with internal bleeding) and organ malperfusion. Computational methods have been employed to study the complex phenomena involved in dissection development [27] - [29] , thrombosis [14] , [15] and progression [19] . However, the limited availability of patient-specific flow data led to the common use of idealized boundary conditions (BCs), such as flat or Womersley velocity profiles based on representative aortic flow waveforms at the inlet, and constant pressure or mass flow division at outlets. Although phase-contrast MR imaging can provide information on realistic BCs [20] - [22] , [30], the estimation of 3-EWM parameters based on patientspecific 4D flow MRI combined with pressure data has not been reported for aortic dissections. Furthermore, post-TEVAR MR images are usually noisy and not suitable for extraction of BCs. In this study we present a 4D flow MRI-based methodology for detailed analysis of pre-and post-TEVAR hemodynamics using MR-derived velocity profiles and 3-EWM BCs calibrated with patient-specific pressure and flow.
To validate the proposed methodology, pre-TEVAR CFD results were compared with 4D flow MRI and DW data, demonstrating a good qualitative agreement ( Fig. 3 and Table III ). In particular, the CFD model well reproduced flow patterns in the ascending aorta and proximal aortic arch, the shape of the flow jet at the FET level, and in the descending aorta TL. However, quantitative comparisons showed an underestimation by the CFD model of the velocity magnitude in the ascending aorta and at the FET (up to −36%). The former is likely due to the omission of secondary velocity components at the ascending aorta inlet, as it has been shown in a separate study that neglecting the in-plane velocity components can cause an underestimation of velocity values in the ascending aorta and aortic arch [21] . The lower velocity at the FET in the CFD model could be attributed to errors in geometry reconstruction and smoothing, as the accuracy of tear dimensions and shape depends on the CT image resolution which is relatively low in the longitudinal direction (1 mm) along which the tear is aligned. This could have led to an overestimation of the tear size in the geometric model used for CFD simulations.
It was not possible to compare flow patterns in the FL in the descending aorta, as the 4D flow MR images were subject to large uncertainties in regions where velocities were lower than 0.1 m/s. This is a known issue of 4D flow PC-MRI [31] , which could be potentially solved by the use of dual-VENC [32] , [33] .
A good overall agreement was also found between CFD predicted and measured pressures, particularly in diastole, whereas a slight under-estimation of the TL pressure was found in systole (−9.7%). This discrepancy could be due to the fact that 4D flow MR and CT acquisitions were not performed on the day of the TEVAR procedure when pressure measurements were taken. In addition, the lower predicted velocities at the FET level during systole and the rigid wall assumption could also have had an impact on the predicted systolic pressure. Furthermore, the LCCA outlet in the post-TEVAR model was assumed to be the parallel of the pre-TEVAR LCCA and LSA for the estimation of 3-EWM parameters. This is because after TEVAR the LSA of the patient was perfused by the left vertebral artery, which acted as a natural bypass. This is a simplification of a very complex process, where blood comes from multiple vessels which continue to adapt themselves in order to facilitate systemic perfusion. Implementing an iterative algorithm to further tune the parameters may offer a possible solution to this underestimation [4] , [23] . Finally, the total flow through the aortic branches was obtained as the difference of the mean aortic flows upstream and downstream of the branches. This was needed because branch diameters are relatively small compared to the MR voxel dimensions, making direct evaluation of flow from MR data unreliable [30] . By using the evaluated mean flow rate, the effects of mass flow imbalance and uncertainty in low velocity measurement could be mitigated.
Although the CFD results showed little difference between TL and FL pressures, measurements showed that the TL pressure was higher during systole, whilst the FL pressure was higher in diastole. The inclusion of flap movement might reduce this discrepancy. Interestingly, the TL pressure was reduced after TEVAR, which was well captured by the CFD model with the applied BCs ( Fig. 6 and Table III) , demonstrating that BCs extracted from pre-TEVAR data could be used for post-TEVAR hemodynamic assessment. This allowed for a fair comparison of pre-and post-TEVAR hemodynamics, which would not be possible with 4D flow MR imaging alone due to imaging artefacts caused by the metal wire contained in the TEVAR stent-graft.
Flow patterns play a key role in the development and progression of TBAD, with hemodynamic features being associated with complications and outcomes of TEVAR [17] . Our results showed that large recirculation regions occurred in the FL close to the tears, suggesting the possibility of further FL thrombosis at these locations. The vortical structures observed in the TL and FL agreed well with the results of Francois et al. [31] , who studied TBAD flow features using 4D flow MRI. Our results also revealed that flow through the reentry tear was strongly affected by TEVAR: only 10% of the reentry tear flow went into the abdominal FL post-TEVAR, while the rest was diverted to the renal arteries. The low amount of flow entering the post-TEVAR FL raised concerns about the distal organ and limb which were perfused by the FL, because the dissection involved the right iliac artery, where the FL was still present after TEVAR (Fig. 1) . Indeed, the CT scan at 12-month follow-up showed thrombus formation in the FL, with partial occlusion of the FL tract of the right iliac artery [24] . The reduced FL flow post-TEVAR also caused an increase in TL velocity, with a substantial increase in flow eccentricity and vorticity. These flow features have been observed in healthy aortas [34] , but high values of vorticity and helicity have also been linked with increased risk of atherosclerosis [35] , [36] .
The enlargement of the FL compressed the TL causing a local narrowing, which persisted after stent-graft implantation. This narrowing led to high velocities in the descending TL and elevated WSS. Chi et al. [29] showed that high WSS regions in non-dissected models often correspond to tear positions in type A dissection, while low WSS in the FL could promote FL thrombosis [14] . In this work the FL presented TAWSS close to zero, whist high TAWSS values were found in the proximity of tears, where the flow jets impinged on the aortic wall. This observation is of particular relevance, as high TAWSS can potentially lead to FL enlargement, aneurysm formation and occurrence of new tears [17] .
Pressure is an important factor in aortic dissection development and propagation, and in FL expansion, collapse and rupture. Indeed, the best medical treatment in aortic dissection patients involves the use of β-blockers to reduce the mean and diastolic aortic pressures and heart rate. Our pressure analysis showed that TEVAR successfully reduced the aortic pressure; this outcome was predicted by the CFD analysis and confirmed by the in vivo measurements. In addition, not only the absolute mean and maximum pressures decreased, there was also a reduction in pulse pressure after stent-graft implantation, suggesting a reduced workload for the heart after TEVAR.
The proposed boundary conditions could also be applied in studies when anatomical images (CT or MR) are the only available patient-specific data, which is often the case in retrospective studies. Using the method and data provided in the Supplementary Materials, the 3-EWM parameters reported in Table II can be adjusted to suit other TBAD geometries. Briefly, the total resistance (R T i ) for each outlet i can be calculated as R T i = R C i + R P i , with R C i and R P i taken from Table II ; R C i (for a new patient geometry) could then be obtained using the cross-sectional area of the new outlet, and R P i as the difference between R T i and R C i [22] , [37] . This would allow a set of physiological outlet BCs to be applied in the absence of patient-specific flow data [22] . However, in situations when both pressure and flow waveforms are available for each aortic outlet, the least-square approach recently proposed by Romarowski et al. [23] would be recommended, which was designed to tune the 3-EWM parameters in order to match in vivo patient-specific pressure and flow data, without relying on measured or assumed pulse wave velocity.
A major limitation of the present study was the rigid wall assumption, which is commonly made in computational modelling of aortic dissections, especially in comparative studies involving multiple cases owing to the high costs associated with fluid-structure interaction (FSI) simulations and the lack of relevant measurements of wall thickness and mechanical properties. Nevertheless, the 4D flow MR-based methodology presented here is applicable to FSI simulations, and the effects of rigid wall assumption on peak WSS and FL flow have been found to be insignificant [5] . Furthermore, de Jong et al. [38] showed that about one-third of aortic dissection patients presented extensive aortic wall calcification, which would increase the aortic stiffness.
V. CONCLUSION
In this study a comprehensive methodology for patientspecific analysis of flow in type B aortic dissection was presented. 4D flow MRI data and Doppler-wire pressure measurements were used to derive a complete set of patient-specific boundary conditions for CFD analysis. Validation of predicted flow and pressure against in vivo measurements demonstrated a good overall agreement. Moreover, our results showed that pre-TEVAR 4D flow MR images could be used to extract patient-specific boundary conditions to predict post-TEVAR hemodynamics. This allows for detailed evaluation of postoperative hemodynamics, which is not possible with 4D flow imaging alone due to the presence of the metallic stent. In addition, the Windkessel parameters reported in this study can be adjusted to suit other aortic dissection geometries, enabling physiological boundary conditions to be applied in the absence of patient-specific flow measurement. Future attempts will be made to evaluate pressure from 4D flow MRI data, so as to avoid the need for invasive pressure measurement for 3-EWM parameter tuning.
